Introduction
Altitudinally defined climatic and soil factors are primary determinants of differences in species composition and community structure on undisturbed mountains (Fischer et al., 2014; Toledo-Garibaldi and WilliamsLinera, 2014) . The occurrence of plant species is dependent on various factors acting on different spatial scales. Elevation represents a complex gradient through which environmental variables change simultaneously (Austin et al., 1996) . Most important are temperature and precipitation (Körner, 2007) , both of which influence the available humidity, the properties of soils, and their formation processes (Guerrero-Campo et al., 1999) .
Edaphic factors have an important role in the distribution and floristic variations and the abundance of plants is closely related to soil properties, especially nutrient availability (Rahayu et al., 2012) . Relationships between soil properties and plant species abundance have been described in various grassland habitats (AguadoSantacruz et al., 1996) , Chihuahuan desert scrub (HuertaMartínez et al., 2004) , and boreal forest (Seibert et al., 2007) and tropical rainforests (Fernandes-Abreu et al., 2012) . At local scales, species richness and the structure of forest landscapes are strongly influenced by geomorphology and elevation (Behera and Kushwaha, 2007) and also by soil physicochemical properties (Estrada-Castillón et al., 2015) and anthropogenic disturbances (Ramírez-Marcial et al., 2001) .
Mexico is a center of diversity of the genus Quercus (Nixon, 1993) . This genus forms pure oak or mixed pineoak stands, one of the most species-rich vegetation types in Mexico and characteristic of temperate mountain ranges throughout the country (Muller-Using, 1994; Rzedowski, 2006; Encina-Domínguez et al., 2011) . In northeastern Mexico, the Sierra de Zapalinamé is a mountain range and a protected area in the category of ecological conservation, enacted by the state government of Coahuila (Periódico Oficial, 1996) . Here the oak forest is restricted to canyons with higher humidity (Encina-Dominguez and Valdés-Reyna, 2013) . These oak forests contain 259 plant species (Encina-Domínguez et al., 2009 ), 28% of the flora of this mountain range (Encina-Domínguez et al., 2016) , including Quercus saltillensis Trel., which is endemic to southeastern Coahuila. Moreover, the conservation of these forests is very important because they constitute the main source of drinking water for the city of Saltillo, and they offer a habitat for important wildlife such the American black bear (Ursus americanus Pallas, 1780).
Species composition and community structure and their relationship with environmental factors are the basis for studying forest dynamics. Understanding ecological processes in forests is one of the most important goals for proper management and biodiversity conservation (Arévalo et al., 2012) . Little work has been carried out to determine the influence of environmental factors on the structure and species composition of the oak forest in the Sierra de Zapalinamé region.
We will test the following hypotheses: 1) that elevation is the most important variable in determining the structure and community composition because of its influence on ambient temperature and precipitation, and 2) that the physicochemical properties of the soils are similar through oak forests of the study area.
Material and Methods

Study site
The Sierra de Zapalinamé is located in the southeast of the state of Coahuila. It has an area of 45,000 ha, in the municipalities of Saltillo and Arteaga. It is located south of the city of Saltillo, between 25°15′00″N and 25°25′58″N and between 100°47′14″W and 101°05′03″W ( Figure  1 ). It belongs to the Gran Sierra Plegada physiographic subprovince. The elevation ranges from 1590 m in the foothills to 3140 m in the Cerro El Penitente, with intermountain valleys averaging 2200 m. The rocks of the area are sedimentary, belonging to the Jurassic and Cretaceous periods; limestone covers 43% of the area, while 17% is sandstones and conglomerates. Alluvial soils occupy 30% of the area, with variable depth, mainly found in the plains with alluvial fans at the base of the mountains. Soils in the valleys are deep. There are also smaller areas of calcium and phaeozem calcaric xerosols. The dominant climate of the study area is the dry type (BSkw), while the upper parts of the mountain have a temperate type (C(w 0 )). The average annual temperature is 16.9 °C and the annual rainfall is 498 mm (UAAAN, 1998) . The rains are convective and occur mainly in the warmest months of the year.
Different plant communities have been recorded for this area, including rosetophyllous scrub, pine forest, fir forest, oak forest, and montane chaparral. The pine forest occupies 14.09% of the area, pinyon pine forest 12.54%, and pinyon pine forest associated with xeric scrubland 9.55% (UAAAN, 1998 Encina-Domínguez et al. (2007) , in these forests, the most abundant shrub genera are Ageratina, Garrya, and Stevia, and the most abundant herbaceous genera are Achillea, Artemisia, and Polypodium.
Vegetation sampling
We estimated vegetation attributes by sampling 66 sites, located along altitudinal gradients in canyons with a north or northwest exposition, where oak species dominate the canopy. At each site, we established a circular 500-m 2 plot, where all shrubs were recorded and identified, and all trees with diameter at breast height (DBH) of ≥3 cm were identified, counted, and measured (Olvera-Vargas et al., 1996) . Taxonomic identities of collected plant specimens were determined and vouchers deposited at the ANSM herbarium. For species names, we followed the checklist of native vascular plants of Mexico (Villaseñor, 2016) .
Plot position and elevation were measured using a global positioning system (GPS; Etrex, Garmin Ltd., Olathe, KS, USA). Chemical and physical soil factors were based on bulk samples taken from depths of 0-30 cm. The soil samples were mixed, dried, and sifted through a 2-mm sieve; debris and stones were eliminated. Texture (sand, clay, and silt) was determined using a Bouyoucos hydrometer. Organic matter content was determined by the Walkley and Black method (Nelson and Sommers, 1982) and pH was measured in a soil-to-water ratio of 1:5 extract. Soil nitrogen, phosphorus, potassium, and electrical conductivity were determined. Qualitative levels baseline for nutrients obtained such as N, P, K, and organic matter were according to SEMARNAT (2000) and Fernández-Linares et al. (2006) . Climatic data were obtained by interpolation from a linear regression analysis using records for the last 10 years from 45 weather stations adjacent to the study area in order to have greater variation for the study site (Trewin, 2007) . Quantitative information was taken from database records from CONAGUA (http://siga.cna.gob.mx/Cartografia. aspx). The variables used were elevation, based on a digital terrain model (INEGI, 2013) , as an independent variable and annual average temperature and precipitation as dependent variables; thus, the digital model of the average annual precipitation and mean annual temperature values was obtained. 
Statistical analysis
Classification of the forests was based on the density of 69 woody species present in the 66 plots. The vegetation assemblages were classified using WinTWINS Cluster Analysis (two-way indicator species analysis, TWINSPAN for Windows) version 2.3 (Hill and Šmilauer, 2005) . TWINSPAN is a tool to classify samples by species composition. It constructs an ordered two-way table from a site-by-species matrix that shows species synecological relations.
For ordination, detrended correspondence analysis (DCA) (Hill and Gauch, 1980) was performed to analyze how species composition changed along the main gradient. To reveal the relationship of the DCA axis I scores of the plots with elevation and edaphic variables, we obtained the Pearson correlation coefficient among these variables.
We used canonical correspondence analysis (CCA) to examine the distribution and relationship between species and edaphic, climatic, and topographic factors (ter Braak, 1987) . The analysis was based on the density values of 69 woody species, 66 sampling plots, and five environmental variables (elevation, precipitation, temperature, and soil physicochemical variables such as K and percentage of silt). To test the significance of the eigenvalue of the first axis and to select the environmental variables explaining species composition, manual forward selection through a Monte Carlo permutation test with 499 permutations (P < 0.05 significance) was performed. The manual forward selection was performed by selecting the variables that explained the greatest inertia (ordered by CANOCO) of the total inertia of the CCA axis 1. Ordination analysis was performed with CANOCO version 4.5 package software (ter Braak and Šmilauer, 2002) .
For each oak association, we calculated the basal area and density of trees and shrubs. Using the density of species in the samples, we obtained an evenness index according to Magurran (2004) . Finally, for environmental variables (elevation, soil pH, soil organic matter content, and percentage of sand, silt, clay, nitrogen, phosphorus, and potassium, as well as soil electrical conductivity) and for the structural attributes in each oak association, Student's t-test was performed to compare sites; significance was declared at P < 0.05.
The statistical methods using Student's t-test for comparison of two means and correlation analysis followed Zar (1984) and were implemented using the SPSS computer package (SPSS, 1997).
Results
The woody flora of the oak forests comprises 69 species (19 tree species and 50 shrub species), in 24 families. The shrub species in these oak forests are also found in adjacent communities such as the montane chaparral (17 species), and a few in the rosetophyllous scrub, pine, and fir forests.
Based on TWINSPAN, two oak associations were discriminated: first, a Quercus greggii -Q. mexicana association, and second, a Quercus saltillensis -Q. laeta association. In general, site conditions were characterized by moderate slopes, because they are located in canyons, with an average soil depth of 20-50 cm, abundant leaf litter, and low rockiness. The variables of elevation, precipitation, ambient temperature, soil pH, soil electrical conductivity, and percentages of sand, clay, and silt in the soil presented significant differences (P < 0.05) between the two associations (Table 1) . 
Quercus mexicana Quercus saltillensis -Quercus laeta
The soil pH showed significant differences between the Quercus greggii -Q. mexicana association (mean: 6.24; medium acidity) and the Quercus saltillensis -Q. laeta association (mean: 7.02; neutral). Soils in the sampled plots had more than 4% organic matter and were therefore extremely rich in this component. This property is correlated with the amount of N in soils, and the plots had above 0.25% of total N and were considered rich in this element. The P content of soils was poor, with values of 9-16 mg/kg, and the K content was medium, at 101-200 mg/kg. The soils were deemed nonsaline, with low electrical conductivity values (less than 2.5 mmhos/cm).
Regarding the biotic variables of these oak forests, the density of trees and shrubs, DBH, and total richness did not differ between the two associations. However, significant differences (P < 0.05) were observed in basal area for the tree species (Table 2) .
Woody species richness and evenness were higher in the Quercus saltillensis -Q. laeta association. The average DBH in both associations was less than 10 cm. Quercus mexicana had a mean diameter of 14 cm, and Q. saltillensis 13 cm. Pinus greggii reached up to 54 cm in diameter; however, its density was low (36 individuals/ha), and it grows in forests with more humidity. The basal area and density of oak tree species is shown in Figure 2 , where it is observed that Quercus greggii and Q. saltillensis are the two most important oaks in the forest structure since they have the highest total density and basal area.
The density of shrubs was higher in the Quercus greggii -Q. mexicana forest, with 40 species, dominated by Garrya glaberrima Wangerin, Ageratina saltillensis (B.L.Rob.) R.M.King & H.Rob., and A. ligustrina (DC.) R.M.King & H.Rob. with 1475 ind/ha, which represents 44.60% of the total vegetation density. The Quercus saltillensis -Q. laeta forest was the richest with 48 species, where the dominant shrubs were Ageratina saltillensis, Salvia regla Cav., and Stevia berlandieri A.Gray, with 1174 ind/ha, which represented 35.50% of the total vegetation density.
We graphically presented axis I (eigenvalue of 0.612 and a cumulative percentage of variance of 17.9%) and axis II (eigenvalue of 0.278 and a cumulative percentage of variance of 26%) of the DCA (with a total inertia of 3.418). Ordination of species with DCA, based on woody species density, revealed two clusters of sites that represent a centroid of both oak forests (Figure 3) . Environmental variables such as temperature (r 2 = 0.96), precipitation (r 2 = 0.93), elevation (r 2 = 0.72), soil pH (r 2 = 0.31), percentage of clay (r 2 = 0.29), soil electrical conductivity (r 2 = 0.23), and percentage of silt (r 2 = 0.11) had significant correlations (P < 0.01) with axis I.
The floristic group represented by high richness shrub species was tightly clustered with high scores on axis I. Quercus saltillensis, Q. laeta, and Q. laceyi were abundant in canyons and on hillsides at low elevations, close to 2000 m, and this formation was the driest forest, including shrub species of xeric affinity common in adjacent scrublands. In contrast, the other major floristic gradient, which was richer in tree species, was across a mesic zone of our study area and appeared close to the center of the ordination diagram. This floristic group was evenly distributed with low scores on axis I and dominated by Quercus greggii -Q. mexicana growing at an average elevation of 2400 m; it included tree and shrub species that grow in humid and temperate canyons such as the genera Pinus, Arbutus, and Cupressus and shrubs such as Garrya, Holodiscus, and Lonicera (Figure 3) .
Five environmental variables analyzed were selected by the forward selection (P < 0.05). These were elevation, precipitation, temperature, and soil physicochemical variables such as K and percentage of silt. Cumulative percentage variance of the species -environment relationship for axes 1 and 2 was 77.8, indicating that most of the information was concentrated on the first two axes. Considering the correlations of environmental variables with axes, the first CCA axis was positively and strongly correlated with ambient temperature (r = 0.89) and negatively and strongly correlated with elevation (r = -0.89) and precipitation (r = -0.89), suggesting a topographic temperature gradient from low slopes with highest temperatures to high canyons with lowest temperatures (Figure 4 ). The second axis was positively correlated with percentage of silt (r = 0.34) and negatively correlated with K (r = -0.34). The test of significance for the first canonical axis was significant (P < 0.002). Ageratina saltillensis, Stevia berlandieri, and Arbutus xalapensis Kunth were the most widely distributed and abundant species across the oak forests and were placed close to the center of the ordination diagram. This clearly showed their generalist behavior, in contrast to species such as Quercus sideroxyla Bonpl., Q. grisea Liebm., and Q. rugosa Née, which were further away from the center of the CCA biplot. We consider that they have greater habitat specificity, based on their locally restricted geographic distribution.
Discussion
In the study area the distribution of the two oak forest associations was influenced mainly by elevation, temperature, and precipitation as revealed by CCA. The differences in basal area and density in the oak forests studied can be attributed to such environmental variability, which differs between the forests. This may be related to a combination of a higher stem density with larger diameters of such species, possibly correlated with the highest rainfall. Similarly, in oak forests in central Mexico, Aguilar-Romero et al. (2016) observed a relationship between oak species distribution and temperature and precipitation.
Several studies have reported that oak species distribution is affected by variation in temperature, precipitation, or soil moisture gradients and nutrients (Diaz-Maroto et al., 2007; Aguilar-Romero et al., 2016) , conditioning the communities in which these species are dominant. The most important environmental variables associated with the observed patterns of floristic composition in the oak forests studied were elevation, soil pH, and percentage of silt. Elevation was the most important determinant because it acts as a combination of other ecological factors with a more direct action on the distribution of plant species (Arévalo et al., 2012) .
Based on ordination analysis, in the study area Quercus species were distributed in an altitudinal gradient, from Q. saltillensis and Q. laeta at lower to Q. greggii and Q. mexicana at medium and Q. sideroxyla Bonpl. at the highest elevations, confirming the specialist behavior of Quercus species with regard to altitude (Olvera-Vargas et al., 2010) . Altitude gradient was also an important factor determining patterns of floristic composition in oak forests in west-central Mexico (Olvera-Vargas et al., 2010) and in the northern Oaxaca range in Mexico (Meave et al., 2006 which determine soil fertility (Mengel and Kirkby, 2001 ). In the forests studied, chemical properties such as organic matter and NPK nutrients are similar through the oak forests; in this way, there are no significant differences, and this is because the soils of both forests are derived from limestone rocks.
The forests studied had a very high organic matter content. The soil pH was from moderate acid reaction to neutral, and these values are close to those reported for oak forests of Mexico, which in general have soil pH between 5.5 and 6.5, with abundant leaf litter and high organic matter content (Rzedowski, 2006) . Possibly, the small difference of pH values was associated with levels of precipitation reported for the two oak forests. It is well known that high rainfall provokes an increased leaching of Ca and Mg, allowing the pH to decrease (Merry, 2009) .
The low values of density and basal area recorded in this study could be related to soil nutrient contents, because plant growth is conditioned by macronutrients (Havlin et al., 2014) . Broad-leaved deciduous forests are believed to be limited by P (Axmanová et al., 2011) . In the forests studied, soil N supply was not limiting, but P levels were low and K levels were medium. P in soil for both forests studied was low, which agrees with findings by Díaz-Maroto et al. (2007) , who mentioned that this probably can be explained because the oak stands studied were mature and had not undergone any change in land use. However, perhaps more important is the low rainfall, because this mountain is located near the Chihuahuan Desert Region (Henrickson and Johnston, 1986) , which is characterized by low to moderate rainfall. According to Rzedowski (2006) , most oak forests in Mexico grow in areas with rainfall greater than 600 mm, reaching 1500 mm or more in neotropical montane oak forests, which have high basal areas and densities, including the oak forest highlands of Chiapas (González-Espinosa et al., 2006) and northern Oaxaca (Meave et al., 2006) , and the humid montane oak forests of west Mexico (Olvera-Vargas et al., 2010) .
The richness of vascular plants is highest in the oak forest of Quercus saltillensis -Q. laeta (Encina-Domínguez et al., 2007) ; also in this association, the soil pH and temperature are higher. Similar findings were registered by Chytrý et al. (2007) in forests at relatively warm sites with a high soil pH in continental southern Siberia. We observed that the number of tree species decreased at lower elevations, but the number of shrub species increased. The greatest shrub richness is found in the Quercus saltillensis -Q. laeta association, because it is located in a transition zone with the montane chaparral (Encina-Domínguez et al., 2007) . This forest, growing at low elevations, has a more open canopy and the oak species are deciduous; therefore it has more genera of xeric affinity, similar findings having been registered by Vázquez and Givnish (1998) . In addition, this forest has more human influences through goat grazing and has experienced forest fires (Portes, 2001; Encina-Domínguez et al., 2007) .
The structure and composition of the Zapalinamé forests probably still reflect a carry-over effect of the past history of timber harvesting, including the major logging of oaks for railway sleepers in the late 19th century and even the collection of beams, posts, and poles throughout the early 20th century. In the forests studied, there are no recent records of logging, perhaps because of the difficult access to canyons. Today anthropogenic intervention comes through livestock grazing and recreation. A major fire occurred in 1998 causing a decrease in the Quercus saltillensis -Q. laeta forest (Portes, 2001) , with a quick expansion of montane chaparral.
Our results demonstrate the existence of a clear environmental gradient influence on the composition and structure of oak forests in the study area. A combination of landscape features (especially elevation), climatic variables, and some soil properties were very important in explaining the distribution of woody species. As a result of the ecological analysis in oak forests, we recommend that the ecological data shown here should be used for promoting the protection and restoring the impacted areas. Conservation efforts through appropriate management should concentrate on maintaining the species richness and structure in these forests.
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